Gene families provide a unique system to study the evolutionary relationships between related genes both within and between organisms. We can ascertain whether members of a gene family in different species are orthologs or paralogs. We may also search for evidence that may explain why duplicate genes are present. The availability of genome sequences for 12 Drosophila species allows us to address these questions with respect to the evolution of one gene family, the glutathione S transferase (GST) omega class. This gene family is of particular interest because of its relationship with human disease and its presence in a wide range of species. Key words: gene families, glutathione S transferase omega, positive selection GSTs are members of several families of enzymes that use glutathione in reactions involving both endogenous and exogenous compounds. Many of these reactions contribute to the detoxification and disposal of these compounds from eukaryotic organisms. GSTs in animals are divided into 3 families, cytoplasmic, microsomal, and mitochondrial (Hayes et al. 2005) . The typical cytoplasmic GST is a homo-or heterodimer. The N-terminal region contains the glutathionebinding site. A GST fold is produced by the combination of an N-terminal thioredoxin domain and a C-terminal alpha helix domain. The substrate-binding site is located in a region between the 2 domains. A number of the important residues for substrate binding are contained in the C-terminal region (Marchler-Bauer et al. 2007 ). Some classes of GSTs are somewhat restricted in their distribution such as the alpha GSTs that have been described only in vertebrates. Other classes such as theta are found in plants, invertebrates, and vertebrates (Pearson 2005).
GSTs are members of several families of enzymes that use glutathione in reactions involving both endogenous and exogenous compounds. Many of these reactions contribute to the detoxification and disposal of these compounds from eukaryotic organisms. GSTs in animals are divided into 3 families, cytoplasmic, microsomal, and mitochondrial (Hayes et al. 2005) . The typical cytoplasmic GST is a homo-or heterodimer. The N-terminal region contains the glutathionebinding site. A GST fold is produced by the combination of an N-terminal thioredoxin domain and a C-terminal alpha helix domain. The substrate-binding site is located in a region between the 2 domains. A number of the important residues for substrate binding are contained in the C-terminal region (Marchler-Bauer et al. 2007 ). Some classes of GSTs are somewhat restricted in their distribution such as the alpha GSTs that have been described only in vertebrates. Other classes such as theta are found in plants, invertebrates, and vertebrates (Pearson 2005) .
A class of cytoplasmic GSTs, omega, has been described based on expressed sequence tags (ESTs) searches and sequence alignments. Compared with other GSTs, these proteins have a 19 amino acid extension in their N-terminus. In addition, they contain a cysteine in the active site instead of the serine or tyrosine residues found in other GSTs (Board et al. 2000) . Omega class GSTs appear to be widely distributed based on basic alignment search tool (Blast) sequence searches that have identified them in invertebrates and vertebrates (Pearson 2005) . These particular enzymes often do not conjugate glutathione (GSH) with standard GST substrates. Their activities include catalyzing the GSHdependent reduction of dehydroascorbate, monomethylarsonate, and protein disulfides (Marchler-Bauer et al. 2007 ).
Humans and mice possess 2 GST omega genes that are widely expressed. They both share the 3 functions listed above although the GST omega-2 protein shows a markedly higher dehydroreductase activity than GST omega-1 (Board et al. 2000; Whitbread et al. 2003; Schmuck et al. 2005) . The GST omega-1 gene is designated as the human monomethylarsonic acid reductase and is critical for the metabolism of arsenic (Zakharyan et al. 2001) . GST omega-1 has been implicated in affecting the age of onset of Alzheimer disease and Parkinson disease (Li et al. 2003; Li et al. 2006) . It has also been implicated in posttranslational processing of interleukin-1b (Laliberte et al. 2003) . Further, GST omega-1 is capable of modulating calcium ion channels (Dulhunty et al. 2001) . Recently, GST omega-1 has been shown to act as S-(phenacyl) glutathione reductase that converts toxic alpha-haloketones to nontoxic alkyl ketones. This activity appears specific to this gene and is absent from the similar GST omega-2 gene (Board and Anders 2007) .
The 2 human GST omega loci are adjacent on chromosome 10, separated by 7.5 kb. Each contains 6 exons, 5 of which are identical in size and 1 (exon 4 in GST omega-2) that contains an additional 3 bases. The splice site placement is conserved. The gene size of GST omega-1 is 12.5 kb and of GST omega-2 is 24.5 kb. The genes are transcribed in the same direction, and the amino acid sequences show 64% identity and 73% physical similarity (Whitbread et al. 2003) . These facts indicate that the genes arose by a tandem duplication event.
A number of mammals show apparent orthologs of the 2 human GST omegas. However, in the insects, the number of GST omega genes varies. Several insect species including Bombyx mori, Apis mellifera, and Tribolium castaneum possess one or more GST omega genes. In dipterans, the mosquitoes, Anopheles gambiae and Aedes aegypti, have only one gene, whereas Drosophila melanogaster expresses 4 predicted GST omega genes, CG6776, CG6781, CG6673, and CG6662. These produce 5 transcripts with the CG6673 gene producing 2 alternatively spliced products. Like human GST omega genes, the D. melanogaster genes appear to have arisen by gene duplication events. As shown in Figure 1 , the 4 genes lie in tandem in the order listed above. CG6676 and CG6781 are transcribed in one direction, whereas CG6662 and CG6673 are transcribed in the other direction. The exon number varies between the genes, with CG6776 and CG6673B having 2 exons, CG6781 and CG6673A having 3, and CG6662 having 4 exons.
Drosophila melanogaster is an important model system for the study of evolution of gene families (Robertson et al. 2003; Martinez Agostoa and Mccabe 2006; Vieira et al. 2007) This species has also served as a model of human disease processes (Bilen and Bonini 2005; Michno et al. 2005; Zarnescu et al. 2005; Ocorra et al. 2007) . Recently, 11 additional Drosophila genomes were sequenced. The genomes of Drosophila simulans, Drosophila sechellia, Drosophila yakuba, Drosophila pseudoobscura, Drosophila persimilis, Drosophila erecta, Drosophila willistoni, Drosophila ananassae, Drosophila virilis, Drosophila mojavensis, and Drosophila grimshawi are publicly available and allow assessment of evolutionary processes through species-species comparisons (Gilbert 2007) . We have studied the phylogenetic history of the GST omega genes in Drosophila and have found that they demonstrate a high level of sequence conservation. We have been able to demonstrate different types of selection within and between members of orthologous groups. In addition, in vivo studies of the genes in D. melanogaster provide evidence of diversification in function based on the pattern of temporal expression of the gene. Finally, one of the genes, CG6781, has been identified as the sepia gene, which is known to play a role in the synthesis of pteridines Kim et al. 2006; T. Maga [personal communication] ). We provide novel evidence that this gene function is specific to CG6781 and shows a specialized temporal expression pattern. Finally, we have shown that the different GST omega genes in flies have arisen independently from those in mammals.
Materials and Methods

Phylogenetic and Sequence Analyses
Amino acid and cDNA sequences were obtained for the 5 GST omega transcripts in D. melanogaster (CG6781, CG6662, CG6673A, CG6673B, and CG6776). GST omega genes in D. melanogaster were identified based on the conserved domains described by the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) (Marchler-Bauer et al. 2007) and are annotated in FlyBase (http://flybase.bio.indiana.edu/blast/). The gene diagram was prepared using Genepalette (Rebeiz and Posakony 2004) .
GST omega orthologs in other Drosophila species (simulans, sechellia, yakuba, psuedobscura, persimilis, erecta, willistoni, ananassae, virilis, mojavensis, and grimshawi) were identified using TBLASTN searches in the FlyBase Blast search and the GBrowse tool at the FlyBase site, the University of California-San Cruz Genome Browser (http://genome.ucsc.edu/), and the VISTA Genome Browser (http://pipeline.lbl.gov/cgi-bin/gateway2). In many instances, one or more of the databases listed above provided both predicted cDNA and protein sequences for each species. In other instances, each exon was identified in a separate Blast search because the intron lengths vary across species. In addition, most of the computer annotations of the alternatively spliced CG6673A and B transcripts treated the 2 as separate genes, whereas in D. melanogaster they share the first exon. However, genomic alignments of the CG6673 region with orthologous regions in other species showed high conservation of sequences that were present in D. melanogaster ESTs. Therefore, we reannotated all putative CG6673A transcripts so that they contained the regions homologous to the CG6673A transcript from D. melanogaster. The D. sechellia CG6781 ortholog had several apparent nonsense codons but excellent conservation of intron-exon borders in the remaining sequence. By checking the sequence, we found that the nonsense codons were in regions of low sequence quality. Because we were unable to confirm or correct the sequence based on the chromatograms, these codons were treated as ambiguous in downstream analyses. Sequences for other insects and humans were obtained from GenBank (Table 1) .
Amino acid sequences were aligned using Clustal X (Thompson et al. 1997) . Pairwise sequence comparisons were made between sequences within each orthologous set using MEGA v3.1 . Alignments of DNA sequences were completed using the Clustal W algorithm implemented in MEGA v3.1. To ensure proper alignment of codons, predicted protein sequences were aligned and then converted back to nucleotide sequences. Parsimony and neighbor joining trees were constructed from the aligned cDNAs in MEGA v3.1 and with PAUP* (Swofford 2003) . Unrooted trees were constructed for each orthologous gene as well as for the entire set of paralogs.
Clustal X and PAUP* were used to convert sequence alignments and phylogenetic trees to PHYLIP format, respectively. Bayesian tests for selection were performed using PAML v3.15 (Yang et al. 2005) . To test for the presence of selection within paralogous genes between species, we calculated the ratio of the rate of nonsynonymous and synonymous substitutions, x, among codon sites under several selection models. A comparison of the rates of nonsynonymous (d N ) and synonymous (d S ) substitution in protein coding genes provides a measure for selection. The ratio of these (x 5 d N /d S ) varies with purifying selection corresponding to ratios less than 1, neutral evolution producing ratios near 1, and divergent selection leading to ratios larger than 1 (Li et al. 1985; Nei and Gojobori 1986; Yang and Bielawski 2000) . Currently, several approaches are available for estimating x either as an average for a whole protein or for individual codons (Yang and Bielawski 2000) . Models for variation in x among sites are described in Yang (1998) . The one-ratio model (M0) was calculated and compared with the discrete model (M3). The M0 model corresponds to the hypothesis that there is uniform selective pressure among sites. The M3 model corresponds to the hypothesis that there is variable selective pressure among sites. This comparison was used to confirm that certain biologically important sites within the GST omega genes evolve at faster or slower rates compared with other sites within the genes. The models M1a and M2a both allow variation in selective pressure among sites; however, M2a allows positive selection, whereas M1a does not. Thus, the nearly neutral model (M1a) was compared with the selection model (M2a) to determine if a mode of evolution that includes positive selection fits the genetic data significantly better than a model without positive selection. The beta models, M7a and M8a, fit mutation rates among sites in a gamma distribution. Model M7a, which does not include a category for positive selection, was compared with the M8a model, which permits positive selection. If positive sites were identified for models permitting positive selection, M2a and M8a, the posterior probability of the sites having x . 1 was determined with the Bayes Empirical method (Yang et al. 2005) .
After gene duplication, there is an opportunity for divergence of function. The Codeml function of PAML v3.15 was used to examine the branches leading from gene duplication events for evidence of divergence, that is, a greater than average x. A null model with a single x ratio was calculated for the entire gene family, followed by a model allowing specific estimates of x for the branches after the ancestral gene duplications was applied. The 2 x 
scenarios were compared using the likelihood ratio test (LRT) with the degrees of freedom equal to the difference in the number of estimated parameters; in this case, the number of specified lineages.
DNA and RNA Isolation
DNA isolation from single D. melanogaster flies was performed by the method of Gloor and Engels (Gloor and Engels 1992) . Total RNA isolation was performed using either SV-Wizard mini-kits (Promega Corporation, Madison, WI) or Trizol (Invitrogen, Carlsbad CA). Samples were ground directly in the lysis buffer, and adjustments were made for small sample size as described in the Trizol protocol. Extractions were performed on 10-12 mg of material.
DNA and RNA Amplification
Ten-microliter polymerase chain reactions (PCRs) were performed, usually with 59°C annealing temperature using either PCR Master Mix (Promega Corporation) or Takara Ex-TAQ (Fisher Scientific, Pittsburgh, PA). First strand synthesis was performed on 100-400 ng of RNA (SuperScript III Reverse Transcriptase; Invitrogen). One-half microliter of the reverse transcriptase (RT) product was used as template for a 12.5-ll PCR. We used primers present in adjacent exons when possible. Primers were purchased from Operon (Huntsville, AL) and are listed in Table 2 .
DNA Sequencing
Cycle sequencing was performed with the Beckman-Coulter standard sequencing protocol at The George Washington University Biological Sciences Department sequencing facility and also on an ABI 3730xl sequencer (SeqWright DNA Technology Services, Houston, TX). Sequences were edited manually and assembled into contigs using Sequencher 4.6 (GeneCodes, Ann Arbor, MI). The GenBank accession numbers for the sequences are GQ351317 and GQ351318 ( Johnson D, Grant P, and Maga T, submission in preparation).
Drosophila Stocks and Deletion Construction
Deletions with molecularly identified end points were generated using transposons as described in the study of Parks et al. (2004) . Drosophila stocks with insertions were obtained from the Drosophila stock center (PBacCG6765 e00295 , PCG32352 d11266 ) and from the Exilixis Drosophila Collection (PBac e02958 and PBac e01411 ) (Supplementary Figure 1) . Other stocks required for producing deletions on the third chromosome (Parks et al. 2004 ) and a se 1 stock were obtained from the Drosophila stock center. Another sepia stock, (referred to as se 42 ) was obtained from Carolina Biological Supply Company (Burlington, NC). Drosophila stocks were maintained at 22-24°C on instant Drosophila medium (Carolina Biological Supply Company).
Results
Gene Evolution
A total of 54 GST omega genes from 12 Drosophila species were identified in our database search. Homologs for CG6781, CG6776, and CG6673B were found in all 12 species examined. The splice variant, CG6673A, was found in all species except D. mojavensis and D. grimshawi. Orthologs of CG6662 were found in all species in the Sophophora subgenus but not in the members of the Drosophila subgenus, D. mojavensis, D. virilis, or D. grimshawi (Table 1) . Both parsimony and neighbor joining trees were constructed using cDNA sequences aligned so that codons remained intact. Each paralog formed a monophyletic group for all tree-building strategies (Figure 2 ). In addition, each gene clade contained a subtree similar, although not identical, to the established Drosophila species tree. The melanogaster subgroup, which includes D. melanogaster, D. simulans, D. sechellia, D. yakuba, and D. erecta, was maintained in each of the paralog subtrees, as well as the obscura group, D. pseudoobscura and D. persimilis. The basal Drosophila group, which includes D. mojavensis, D. virilis, and D. grimshawi, Pairwise similarity calculations revealed that among Drosophila GST omega genes, CG6781 orthologs are the most highly conserved at the amino acid level, 91% identical on average, whereas the other orthologs range from 64-79% (Figure 3 ). Even intron size was similar for the same orthologs among different species with the exception of introns in the CG6776 cluster (Supplementary Table 1 ). Intron numbers vary between paralogs but are constant within orthologous genes.
Comparison of the alignment of all 54 paralogs reveals 26 indels, including 8 differences in length of the 3' end of the gene (Supplementary Figures 2 and 3) . Two indels support a basal node in the tree leading to the CG6776 and CG6781 genes. Six indels are gene specific. For example, both CG6773 proteins contain a leucine or isoleucine insertion at position 4 relative to the other paralogs. Four indels support the separation of the CG6673A and B transcripts into separate clades. In addition, clade-specific variation is observed in the basal Drosophila subgenus (D. mojavensis, D. virilis, and D. grimshawi), which has a glutamic acid deletion at position 109 in CG6673B gene relative to the Figure 2 . A parsimony tree of 54 GST omega homologs in 12 Drosophila species. Node support was assessed using1000 bootstrap replicates. Support values more than 50% are noted to the right of each node. At 3 of the nodes representing gene duplication events, bootstrap values are preceded by asterisk and then d N /d S values. Abbreviations: mel, melanogaster; sim, simulans; sech, sechellia; yak, yakuba; ere, erecta; anna, ananassae; pseudo, pseudoobscura; per, persimilis; wil, willistoni; moj, mojavensis; vir, virilis; grim, grimshawi. The orthologs found in other species (Table 2) Analysis with the Codeml function of PAML was used to determine the model of selection that best explains codon variation among Drosophila species within each of the GST omega paralogs. For each paralog, log likelihood values for models that do not permit positive selection, M1a and M7a, were compared with models that permit positive selection, M2a and M8a, using the LRT. Models that allow positive selection do not fit the data significantly better than models prohibiting positive selection. The discrete 3-category model, M3, allows up to 3 x values among the codon sites. When applied to each paralog, this model fit the data significantly better than the one-ratio model, M0; however, model M3 did not estimate any codon sites having x . 1. Values of x at gene duplication points were also estimated using Codeml in the PAML software package. A parsimony tree of the entire GSTO data set among 12 Drosophila species with A. gambiae GSTO as the outgroup was used as our evolutionary hypothesis (Figure 2 ). Evidence for positive selection was found for 2 of the duplication events. The highest x ratio, 5.28, was observed at the duplication event producing CG6662 and the ancestral CG6673 gene. The duplication producing the transcripts CG6673A and CG6673B also showed evidence of positive selection with an x value of 2.53. The duplication at the node separating CG6781 from CG6776 produced an x ratio of 1.02 that is consistent with drift ( Figure 2) . These x ratios are in contrast to an average x ratio of 0.0901 among the nodes in the rest of the tree. According to the LRT, our hypothesis that allowed x to be estimated separately at branches after divergence events fit the data significantly better than the null hypothesis, which estimated a single x ratio for all the branches, (log likelihood values of À15901.06 and À154917.38, respectively).
Gene Expression and Function
Transcript expression of the D. melanogaster paralogs was used as a marker for possible functional specialization of the genes in vivo. RT-PCR was used to determine the presence or absence of GST omega mRNAs during 3 life stages (third instar larvae, late-stage pupae, and adults 6 days old or older). Gene expression was characterized in 4 stocks of flies: se 1 , se 42 and 2 wild-type stocks. Each assay was performed at least 2 times. The transcripts present in normal fly heads were also analyzed in duplicate (Table 3) . Patterns of expression in whole animals were the same for both mutant and wild-type strains.
CG6781 expression showed marked spatial and temporal specificity. It was detectable during the late pupal stage at the time when eye development concludes and pigment deposition occurs (Phillips et al. 1973) . In some samples of unaged adult flies, we saw some weak expression of CG6781; however, no expression was detectable in adults aged 7-10 days. We subsequently isolated mRNA from similarly aged adult wild-type heads and were able to detect CG6781 expression. In contrast, the other 4 GST omega transcripts (CG6776, CG6673A, CG6673B, and CG6662) were expressed at detectable levels during all 3 life stages, in both the wild-type and mutant strains tested. Adult heads also contained transcripts from all these GST omega genes.
We also compiled data on the GST omega gene expression in embryos from FlyExpress (http://www.flyexpress.net) (Table 4 ) and the GEO database (www.ncbi.nlm.nih.gov/ geo/Data). Adult tissue localization data were compiled from FlyAtlas (http://flyatlas.org) ( Table 5 ). The embryonic expression patterns for 3 transcripts, CG6673B, CG6776, and CG6662, showed temporal variation in expression. CG6673B and CG6662 were both maternally expressed in stages 1-6. However, CG6673B continued to be expressed through embryogenesis, and CG6662 did not. The expression of CG6776 was limited to stages 13-16. Whereas the CG6673B transcript was widely expressed earlier, both this transcript and CG6776 were detected in the midgut during stages 13-16. Embryonic expression data for CG6673A were not available. However, no expression of CG6781 was detected in any embryonic stages.
Adults show variation in transcript localization and expression levels for the genes. CG6781/se was only found in significant amounts in the head. The other transcripts were also present in greater than average amounts in the head. The only additional elevated transcript level for CG6662 was in ovary and testis. CG6776 and both CG6673 transcripts were strongly expressed in the regions associated Figure 3 . Conservation of amino acids in 12 Drosophila species for the 5 GST omega transcripts including the maximum, average, and minimum sequence identities. Orthologs of CG6781 are the most highly conserved among the 12 Drosophila species.
with digestion and detoxification, crop, gut, and tubule. The overall quantity of the transcripts varied also. CG6673B was the most highly expressed transcript. Although CG6673A showed a very similar pattern for elevated tissue expression, its transcript abundance was about 20% that of the CG6673B transcript. On average, the levels of expression of the CG6776 and CG6662 transcripts were about 0.66 and 0.45, respectively, of the level of the CG6673B transcript.
One of the paralogs, CG6781, has been assigned a specific function; it is the sepia gene (Kim et al. 2006 ). The se gene product participates in a pathway that synthesizes a subset of the red/orange pteridine pigments produced in fly eyes (Ferre et al. 1986 ). Flies homozygous for the se mutant allele exhibit a dark brown eye instead of the normal brick red color. Brown's group isolated and characterized the sepia protein, pyrimidodiazepine (PDA) synthase, and showed that it was a dimer with an approximate subunit weight of 24 kDa. In addition, the activity of the protein was greatly enhanced by the addition of glutathione to the reaction mixture . We had previously identified the sepia gene as a member of the GST omega family using deletion analysis (Supplementary Figure 1) .
We sequenced the entire GST omega region including introns and intervening regions for se 1 and se 42 (Supplementary  Table 2 ). In se 1 , mutations in 2 genes were found that cause premature termination of their protein products. The first is a 2-bp deletion in CG6781 followed by a substitution of TG for AA. The second change is a 139-bp deletion in CG6673 that removes part of exon 2 of the CG6673A transcript and produces a frameshift. Other GSTs have been demonstrated to form both homo-and heterodimers, and we questioned whether the sepia mutation was a result of mutations in one or both genes. Subsequently, it was reported that sepia 1 flies carrying a CG6781 transgene had a normal eye color (Kim et al. 2006) . We wished to verify that this phenotype rescue was a direct effect of replacing the gene product of the only gene coding for sepia. Sequencing of se 42 revealed only one change that would result in a truncated transcript or functionally modified protein. There was a 223-bp deletion in CG6781 that removed part of exon 2, all of exon 3, and the 3' untranslated region (UTR). The 3' UTRs for CG6781 and CG6673A overlap, and the deletion removes part of the CG6673A 3' UTR, but the transcript's full coding sequence is preserved. Further, we were able to detect full-length CG6673A transcripts in se 42 flies using RT-PCR. Although sequencing of se 1 alone could not distinguish which gene(s) were responsible for the sepia phenotype, the data from se 42 allowed us to verify that se was coded for by the CG6781 gene. Despite sequence similarity, there was not functional redundancy for the PDA synthase activity because other normal GST omega gene products could not substitute for the mutant phenotype in the absence of the CG6781 product.
Discussion
The Drosophila species sampled contain 3-5 copies of GST omega genes. We infer that all genes are functional in D. melanogaster, with variation in timing and tissue Table 4 . Presence (þ) or absence (À) of GST omega transcripts during embryonic development Presence (þ) or absence (À) of GST omega transcripts during embryonic development Embryonic stage Transcript 1-3 4-6 7-8 9-10 11-12 13-16
Embryo gene expression data for CG6776, CG6781, and CG6673 were compiled from FlyExpress data http://www.flyexpress.net/. No distinction was made between CG6673A and B transcripts. The CG6662 transcript data were compiled from Geo data, www.ncbi.nlm.nih.gov/geo/. 
The data were based on RT-PCR. The same expression patterns were observed for both wild type and sepia genotypes.
expression. In the other species examined, the genes also appear functional. All genes code for polypeptides of at least 238 amino acids with intact C-terminal and N-terminal domains. More EST data are becoming available through DroSpeGe (http://insects.eugenes.org/species/blast/), and these also indicate that the genes are transcribed. The amino acid sequences have remained highly conserved in the approximately 60 million years since the divergence of the ancestral species . Hence, the Drosophila species provide an interesting case study in the evolutionary behavior of gene families. In our phylogenetic analyses, each paralog formed a monophyletic clade with high bootstrap support. The most parsimonious explanation for this is that the duplications that produced the 4 paralogs occurred early in the Drosophila lineage. However, evolutionary relationships between each of the 3 paralogs are less clear. Bootstrap support on nodes uniting CG6781 with CG6776 and CG6662 with CG6673A/B is low. Therefore, we cannot ascertain whether the 4 primary paralogs are the result of 2 or 3 duplication events. However, the monophyly of CG6673A and CG6673B implies that these 2 splice variants are the result of partial gene duplication.
The 3 Drosophila subgenus members, D. mojavensis, D. grimshawi, and D. virilis, do not posses the CG6662 ortholog. These 3 species also have a chromosomal rearrangement with respect to the other Drosophila species at this locus. Therefore, it is unclear whether the CG6662 transcript was present in the Drosophila ancestor and subsequently lost in this subgenus after the rearrangement or if the CG6662 transcript is the result of duplication in the ancestor of the remaining species that are members of the monophyletic Sophophora subgenus. Whereas D. mojavensis, D grimshawi, and D. virilis each possess a CG6673B paralog, only D. virilis possesses a CG6673A transcript. The presence of CG6673A in D. virilis suggests that this paralog may have also been present in ancestral Drosophila lineages and then lost in the lineages leading to D. mojavensis and D. grimshawi.
Inconsistencies between the species relationships inferred within the 4 gene subtrees and the published species tree are not unexpected as incongruence between phylogenetic markers has long been an issue in evolutionary biology, whether the markers are morphological or genetic in nature (Degnan and Rosenberg 2006; Jeffroy et al. 2006; Pollard et al. 2006; Slatkin 2006) . Discordance between gene and species trees has been previously observed in Drosophila with the relationships between D. melanogaster, D. yakuba, and D. erecta shifting depending on the collection of genes used to build the phylogeny. Similarly, phylogenetic relationships between D. grimshawi, D. virilis, and D. mojavensis have also been inconsistent in previous studies (Pollard et al. 2006 ). Typically, evolutionary biologists use multiple unlinked loci to find the optimal species tree, often relying on coding, noncoding, mitochondrial, and sex-determining segments. The use of multiple loci is critical as incomplete lineage sorting at ancient speciation events can distort the true nature of species histories (Maddison and Knowles 2006) . Incomplete lineage sorting is likely the cause of our observed incongruence between each of the gene subtrees because the species we examined are of the same genus and may have diverged rapidly. However, our purpose was not to determine the true evolutionary relationships between the Drosophila species but to determine relationships between each of the GSTO paralogs.
The GSTO paralogs vary in the degree of sequence conservation. The features that are highly conserved in all other GST omega gene products, that is, the N-terminal extension and the cysteine identified as part of the active site, are present in the predicted products of each transcript. However, a comparison of the average sequence identity for each ortholog gives a range of 64-91% with the CG6781 paralog remaining the most conserved since the radiation of the Drosophila species. This may be a result of the PDA synthase activity of its product. PDA synthase operates at a metabolic branch point in the pathway for the synthesis of pteridines (Supplementary Figure 4) Switchenko and Brown 1985) . When the conversion to PDA is blocked in se mutants, the production of sepiapterin and some other pteridines increases more than an order of magnitude (Ferre et al. 1986) indicating that the action of PDA synthase is important in regulating flux through the pathway. Purifying selection is expected to play an especially important role for genes that regulate the rate of pathways (Flowers et al. 2007 ).
Estimations of d N /d S ratios were employed to examine the selection pressure on these genes. Our results indicate that within each gene, there is strong purifying selection. The PAML analyses revealed that the x ratio among at least 90% of the amino acid sites was below 0.1 in all paralogs, 
Tissue expression data were compiled from Flyatlas (http://flyatlas.org).
implying that these genes continue to be functionally important in all the sampled Drosophila species. Enzymes encoded by duplicated genes have additional evolutionary opportunities. Duplication may serve to increase the amount of gene product in which case selection may maintain similar sequences. Alternatively, with the appearance of an extra copy of a gene, purifying selection may be relaxed to allow neutral evolution. Many gene duplications that persist show evidence of functional divergence, in which 1 gene develops new functions (neofunctionalization) or gene functions are divided between the 2 genes (subfunctionalization). These changes in gene function may require only slight changes in structure that preserve the major function of the gene product although broadening its substrate specificity (Aharoni et al. 2005) .
Evidence for diversifying selection exists for both the duplication event that produced the 2 CG6673 transcripts (x 5 5.28) and the event that gave rise to CG6662 and the original CG6673 paralog (x 5 2.53). The basal node of the tree representing the original duplication event has an estimated x of 1.02 ( Figure 2 ) consistent with genetic drift. After the initial gene duplication, the new paralog may have been permitted to acquire new mutations at an elevated rate with maintenance of the highly conserved CG6781 paralog. Previous studies have also shown variable estimates of x for different lineages in duplicate gene families (Bielawski and Yang 2001; Kelleher et al. 2007) . As acknowledged by Bielawski and Yang (2001) , x is an average of all codons in a given paralog and does not specify if the entire length of the codon sequence is evolving at the same elevated rate or if certain sites are subject to positive selection whereas others remain conserved.
The omega family of GSTs is assigned the function of detoxifying endogenous and exogenous agents. The species included in this study are exposed to a variety of food sources. Species with limited and unusual hosts include D. sechellia that breeds on the fruit of Morinda citrifolia (R'kha et al. 1991) and D. mojavensis that specializes on Stenocereus cacti (Ruiz and Heed 1988) . In each case, these flies are exposed to compounds that are toxic to other Drosophila. However, in the Drosophila species studied, the number of genes in the family was quite stable, and the structures of the genes were conserved despite significant variety in exogenous compounds to which the flies are exposed. It has been suggested that genes coding for detoxifying proteins whose primary substrates are endogenous compounds are more likely to exist in stable gene families maintained by similar selective forces in different species (Thomas 2007) . This may characterize the situation in these Drosophila species. The maintenance of at least 3 GST omega genes in all species is consistent with use of similar substrates for the gene products in different species. In contrast, the GST delta family has a size ranging from 5-11 genes, and GST epsilon families ranges from 7-16 for the same 12 species of Drosophila. These latter families have one or more gene members that may be important in resistance to insecticides (Low et al. 2007) .
Although the maintenance of similar numbers of genes is consistent with the use of endogenous substrates, there is evidence from D. melanogaster that at least one of these genes produces a protein with an additional function. As shown above, the PDA synthase function of CG6781/se is restricted to that gene. This represents an instance of neofunctionalization of CG6781 or subfunctionalization for the other genes.
Temporal RNA expression patterns in embryos diverge for the genes. The CG6776 transcripts are restricted to later embryonic stages, whereas CG6662 is expressed maternally and in early embryonic development. The CG6673B transcript is produced over the period of embryonic development (FlyExpress data http://www.flyexpress.net/ and Geo data www.ncbi.nlm.nih.gov/geo) ( Table 4 ). The CG6776, CG6673, and CG6662 transcripts are expressed throughout the late larval, pupal, and adult stages, but CG6781/se is expressed at its highest levels during pupal stages when eye pigments are synthesized and deposited and in adult heads (Table 3 ). This pattern is also consistent with the specialization of its function. Spatial expression in adults also shows variation. CG6781/se expression is limited to the head, and CG6662 is transcribed primarily in ovary and testes. The widely expressed transcripts are CG6776 and CG6673A and B with the highest expression in Malpighian tubules, gut, and crop (http://www.flyatlas.org/) ( Table 5 ). The temporal variation in embryonic expression and the spatial variation in expression of CG6662 in adults may indicate that new functions or subdivisions of functions are evolving for other genes as well as for CG6781/se.
The GST omega family within the Drosophila genus appears to have evolved via simple gene duplication without recombination or gene conversion. Nucleotide differences between duplicate genes within each species are numerous, and they are distributed widely across the coding sequences. Areas with increased similarity between genes correspond to regions important in protein function. Tests comparing trees generated by the N-terminal and C-terminal domains of the proteins failed to reveal any evidence of gene conversion or recombination in the Drosophila genes. Finally, there is evidence that the enzymes have evolved new functions in addition to sharing many similar roles.
When a variety of eukaryotes are sampled, the number of GST omega genes has fluctuated across lineages (Figure 4) . Whereas the GST omega-1 and GST omega-2 genes appear to have diverged early in the mammalian lineage, these paralogs arose from an independent duplication compared with those in the Drosophila genus, and it is not possible to assign a specific human GST omega as the ortholog of any Drosophila GST omega gene. Within insects, the number of GST omega genes varies from 1-4 with patterns consistent with birth-death evolution (Ota and Nei 1994) . Tribolium castaneum seems to have had 2 rounds of duplication resulting in a clade of genes 2, 3, and 4. These genes are found in a tandem array that is consistent with duplication. Gene duplication is also evident in the lineage with B. mori/ mandarina. Among the dipteran species, A. gambiae and A. aegypti each have one detectable GST omega gene that most closely resembles the Drosophila genes. In Drosophila, there is evidence of gene ''death'' for the CG6773A transcript in D. grimshawi and D. mojavensis. Similar to the Drosophila tree (Figure 2 ), within the Drosophila lineage, the order of the duplication events that gave rise to the paralogs cannot be conclusively determined. However, the duplication, resulting in the CG6673A and B splice variants, appears to be a relatively recent event.
As in the Drosophila genus, the number of exons/introns in other insect GST omegas is not conserved. The only structural feature of GST omega that does appear to be widely shared is the presence of a first exon that codes for a small number of amino acids, 8-14. This is present in the insects as well as human, mouse, rat, platypus, and sea urchin. The significance of conservation of this structure is not clear.
The GST omega genes in flies appear to have undergone a variety of evolutionary changes with respect to structure of different genes and loss of some genes. Selection has been demonstrated between some lineages based on patterns of change in protein structure. In addition, changes in temporal regulation and protein function have been demonstrated in D. melanogaster. The gene family appears to have evolved or is evolving specialized functions for some paralogs although maintaining the critical functions associated with GST omega proteins.
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